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Abstract
Introduction: Prematurity impacts myocardial development andmay determine long-term out-
comes. The objective of this study was to test the hypothesis that preterm neonates develop right
ventricle dysfunction and adaptive remodelling by 32 weeks post-menstrual age that persists
through 1 year corrected age. Materials and Methods: A subset of 80 preterm infants (born
<29 weeks) was selected retrospectively from a prospectively enrolled cohort and measures
of right ventricle systolic function andmorphology by two-dimensional echocardiography were
assessed at 32 weeks post-menstrual age and at 1 year of corrected age. Comparisons were made
to 50 term infants at 1 month and 1 year of age. Sub-analyses were performed in preterm-born
infants with bronchopulmonary dysplasia and/or pulmonary hypertension. Result: In both
term and preterm infants, right ventricle function and morphology increased over the first year
(p < 0.01). The magnitudes of right ventricle function measures were lower in preterm-born
infants at each time period (p < 0.01 for all) and right ventricle morphology indices were wider
in all preterm infants by 1 year corrected age, irrespective of lung disease. Measures of a) right
ventricle function were further decreased and b) morphology increased through 1 year in pre-
term infants with bronchopulmonary dysplasia and/or pulmonary hypertension (p < 0.01).
Conclusion: Preterm infants exhibit abnormal right ventricle performance with remodelling
at 32 weeks post-menstrual age that persists through 1 year corrected age, suggesting a less
developed intrinsic myocardial function response following preterm birth. The development
of bronchopulmonary dysplasia and pulmonary hypertension leave a further negative impact
on right ventricle mechanics over the first year of age.
Introduction
Right ventricular mechanics in preterm neonates begin to undergomaturational changes during
the early post-natal period that have prognostic implications for clinical status and long-term
outcomes.1–3 The determinants of right ventricle performances involve interactions between its
contractility, afterload, preload, and morphology.4 Preterm infants have maladaptive changes in
right ventricle performance when compared to healthy term infants,2,5,6 where important mor-
phological differences that explain the relative dysfunction are exacerbated as prematurity
exposes the right ventricle to the stress of post-natal cardiovascular performance before develop-
ment is concluded.7 Recent work has validated emerging quantitative methods to characterise
neonatal right ventricle performance,1,2 including myocardial tissue deformation by two-
dimensional speckle-tracking echocardiography,1,2 fractional area of change,8 tricuspid annular
plane systolic excursion,5 pulmonary artery acceleration time (estimate of right ventricle
afterload),9 right ventricle areas,8,10 and linear dimensions.9 Our group has also recently dem-
onstrated that common cardiorespiratory complications of prematurity, including bronchopul-
monary dysplasia and pulmonary hypertension, negatively impact right ventricle performance
over the first year of age.1,8,9 However, longitudinal comparisons of right ventricle performance
in robust healthy birth cohorts and birth cohorts affected by prematurity from the neonatal
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period through 1 year of age are lacking, but are necessary prereq-
uisites for clinical adoption in evaluating pathologic changes and
progression.
We hypothesise that developmental and maturational disrup-
tion to the right ventricle from preterm birth results in dysfunction
and remodelling as a distinct pathophysiology from bronchopul-
monary dysplasia and pulmonary hypertension that is evident at
32 weeks post-menstrual age and persists through 1 year corrected
age. Accordingly, the objective of this study was to identify and lon-
gitudinally track right ventricle performance using emerging
measures of right ventricle mechanics in a cohort of infants born
preterm (asymptomatic and those with bronchopulmonary
dysplasia and/or pulmonary hypertension) and compare them
with healthy infants born at term at 1 month and 1 year of age.
Materials and methods
Study design and population
To define the cardiac phenotype, we retrospectively analysed pro-
spectively acquired data from two cohorts: (1) a cohort of preterm-
born infants and (2) a cohort of full term-born infants. Each cohort
was recruited at birth and longitudinally followed to 1 year of age.
The cohort of 80 preterm infants were enrolled through the
Prematurity and Respiratory Outcomes Program at Washington
University School of Medicine/Saint Louis Children’s Hospital
neonatal intensive care unit between August 2011 and
November 2013. The detailed design of the Prematurity and
Respiratory Outcomes Program Study (ClinicalTrials.gov:
NCT01435187) has been described.11,12 This was a retrospective
secondary analysis of prospectively acquired data. Preterm subjects
were eligible for inclusion in this study if they were born between
23 0/7 weeks and 28 6/7 weeks gestational age and had an
echocardiogram at 32 weeks post-menstrual age and 1 year cor-
rected age (patients were excluded if they had any suspected con-
genital anomalies of the airways, congenital heart disease (except
age-appropriate atrial septal communications), intrauterine
growth restriction (< 3rd percentile), or small for gestational
age (birth weight < 10th centile for gestation)). We have provided
a list of terms (Supplementary Information, Appendix 1) that
describes the definitions for length of gestation and age in the peri-
natal period based on the policy statement from the American
Academy of Pediatrics.13
A cohort of 50 healthy, age-, weight-, and sex-matched infants
born at term (>37 weeks gestation at birth) were included as the
control group from the University of Nebraska Medical Center
from February 2013 to September 2016. Echocardiograms were
obtained at 1 month and 1 year of age. The data were also prospec-
tively acquired and retrospectively matched to the preterm cohort.
Specific exclusion criteria for the control cohort consisted of multi-
ple gestation pregnancy, maternal self-reported use of illegal drugs,
maternal smoking, maternal diabetes, antepartum haemorrhage,
pre-eclampsia, and/or proven chorioamnionitis. Infants with
intrauterine growth restriction, perinatal acidosis (umbilical cord
pH < 7.10), suspected congenital or chromosomal anomalies,
neuro-muscular disorders, abnormal cardiac rhythms, heart fail-
ure, and infants readmitted to the hospital within the first year
of age were also excluded. The Institutional Review Board for
human studies at Washington University and the University of
Nebraska Medical Center approved the study. Written informed
consents were obtained from the parents/guardians of the study
subjects.
Clinical demographics
For both cohorts, perinatal clinical information and demographic
characteristic were obtained. In addition for the preterm infants,
clinical cardio-respiratory characteristics during the two echocar-
diographic assessments were collected and included: systolic and
diastolic blood pressure, heart rate, oxygen requirements, and oxy-
gen saturation. The following clinical outcomes were also obtained
in the preterm cohort: intraventricular haemorrhage classified
according to Papile Classification,14 necrotising enterocolitis with
radiological evidence of pneumatosis, retinopathy of prematurity
(stage 2 or higher), pulmonary hypertension,15 and bronchopul-
monary dysplasia (using a modified definition of the 2001
National Institutes of Health bronchopulmonary dysplasia
workshop, Supplementary Information, Appendix 2).12
Echocardiography
Echocardiograms were performed with commercially available
ultrasound imaging systems (Vivid 7 and E9; General Electric
Medical Systems, Milwaukee, Wisconsin) at each centre. Images
were obtained at 32 weeks post-menstrual age and 1 year corrected
age in infants born preterm and at 1 month and 1 year of age in
infants born at term. One designated experienced paediatric
cardiac sonographer at each centre obtained all the echocardio-
graphic images using a phased array transducer (7.5–12 MHz).16
The echocardiographic images were acquired using a standardised
image acquisition protocol based on the guidelines of the American
Society of Echocardiography.17,18 The image data were acquired
digitally and stored in raw Digital Imaging and Communications
in Medicine cine-loop format for offline analysis for the following
functional and morphometric parameters.
Deformation analysis
Two-dimensional speckle tracking imaging
Myocardial mechanics were analyzed by the quantification of right
ventricle free wall longitudinal strain (%) and systolic longitudinal
strain rate (1/second) using previously published image acquisition
and data analysis protocols from our laboratories.16,19 Right ven-
tricle segmental longitudinal strain was obtained from the seg-
ments at the apical, mid-ventricular, and basal levels of the right
ventricle free wall from a focused right ventricle apical 4-chamber
view.1,20 Peak strain for each index was measured as end-systolic
strain at the closure of the pulmonic valve,21 (Supplementary
Information, Figure S1). Two observers (PL and CE), who were
blinded to the maternal and infant clinical and cardio-respiratory
conditions, analysed deformation using vendor customised com-
mercially available software (EchoPAC; General Electric Medical
Systems, Waukesha, WI, USA, version 112).
Other measurements of right ventricle performance
We assessed and compared additional indices of 1) right ventricle
function: tricuspid annular plane systolic excursion,5 fractional
area of change8; 2) right ventricle morphology: right ventricle areas
from the apical 4-chamber view in systole and diastole,8,10 right
ventricle linear dimensions at the basal and mid ventricular levels
and in the longitudinal direction from the apical 4-chamber view at
end-diastole9,17,18; and 3) right ventricle afterload9: pulmonary
artery acceleration time and ratio of pulmonary acceleration time
to right ventricle ejection time between the term and preterm
infants at each time point.9 All measures were generated according
946 C. T. Erickson et al.
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to guidelines of the American Society of Echocardiography17,18 and
recent validated protocols in neonates.2
Confounders
We evaluated the effects of common cardiorespiratory complica-
tions of prematurity, including bronchopulmonary dysplasia and
pulmonary hypertension, on right ventricle structure and func-
tion.1,8,9 We utilised a modified definition of the 2001 National
Institutes of Health bronchopulmonary dysplasia workshop12
(Supplementary Information, Appendix 2) and a broad echo-
cardiogram-based definition of pulmonary hypertension,1,15 in
the assessment of their contributions on right ventricle perfor-
mance indices at 32 weeks post-menstrual age, and at 1 year cor-
rected age. Preterm infants were classified with pulmonary
hypertension at 32 weeks post-menstrual age if they had one or
more of the following conventional echocardiographic measures
of pulmonary hemodynamics: (1) an estimated right ventricle sys-
tolic pressure > 40 mmHg, using the Doppler velocity of tricuspid
regurgitation; (2) a ratio of right ventricle systolic pressure to sys-
temic blood pressure >½; (3) bidirectional or right to left shunt at
the atrial level or patent ductus arteriosus; (4) septal wall flattening
as defined as decreased septal curvature into the right ventricle at
end systole; or (5) dilated/hypertrophy of the right ventricle and
right atrial morphology. The independent effect of the risk factors
for bronchopulmonary dysplasia and pulmonary hypertension,
including gestational age, sex, total oxygen days, length of hospital
stay, perinatal factors, neonatal morbidities (necrotising enteroco-
litis, intraventricular hemorrhage, and retinopathy of prematu-
rity), and presence of a patent ductus arteriosus at 32 weeks
post-menstrual age22 was also accounted for in the analysis.
Statistical analyses
Continuous data were summarised as mean ± standard deviation
or as medians (interquartile range) as appropriate. Categorical data
were summarised as count and per cent. Continuous variables of
right ventricle longitudinal strain, longitudinal systolic strain rate,
and segmental longitudinal strain at the base, mid-ventricular, and
apical levels were tested for normality using the Shapiro-Wilk test
and histogram of the data. Analysis of variance tests were used to
compare the changes in measures of right ventricle function and
structure amongst preterm infants with and without bronchopul-
monary dysplasia and/or pulmonary hypertension at 32 weeks
post-menstrual age with term born control infants. Student t-test
and Bonferroni adjustment where appropriate were separately uti-
lised to compare the patterns between uncomplicated preterm
infants and those with bronchopulmonary dysplasia and/or pul-
monary hypertension. All outcome variables with non-normal dis-
tributions were analysed in simple comparisons using Wilcoxon
rank sum tests or Kruskal-Wallis one-way analysis of variance
for tests with more than two independent groups. Chi-square
tests (or Fisher Exact test as appropriate) were used to assess
the association between categorical variable. Univariate analysis
was used to determine the best predictors to enter in the model
and then backward step-wise regression was performed to assess
the independent effect of gestational age, sex, total oxygen days,
length of stay, and common neonatal morbidities, while adjust-
ing for weight at examination. We performed stepwise regres-
sion to analyse the influence of pulmonary hypertension and
bronchopulmonary dysplasia on right ventricle performance
patterns at 32 weeks post-menstrual age and 1 year corrected
age.15,23 All results were considered statistically significant for
values of p ≤ 0.05. The statistical analysis was performed using
SAS v9.4 (SAS Institute, Cary, NC).
Results
A total of 130 infants (80 preterm and 50 term) were included
in this study (Fig 1). We compared the maternal and
infant demographic characteristics and clinical data between
preterm infants with and without bronchopulmonary dyspl-
asia in Table 1, and with and without pulmonary hyper-
tension in Supplementary Information, Table S1. Clinical data
not described in Table 1 or Table S1 are detailed in the
Supplementary Information.
Figure 1. Study subject flow diagram.
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Maturational patterns of RV performance in term and
preterm infants
Themagnitudes of right ventricle free wall longitudinal strain, frac-
tional area of change, tricuspid annular plane systolic excursion,
pulmonary artery acceleration time, and the ratio of pulmonary
artery acceleration time to right ventricle ejection time increased
from 32 weeks post-menstrual age to 1 year corrected age in the
preterm infants and from 1 month of age to 1 year of age in
the term infants (p < 0.01 for all measures, Fig 2a, Table 2).
The magnitude of RV free wall systolic longitudinal strain rate
in infants born at term increased from 1 month to 1 year of age
(p < 0.01) but remained unchanged in infants born preterm over
the same time period (p= 0.5) (Fig 2b). A significant base-to-apex
(the magnitude was highest-to-lowest) segmental longitudinal
strain gradient (p < 0.001) was observed in the right ventricle free
wall in both the preterm and term infants (Fig 3). Right ventricle
morphology measures of systolic and diastolic areas, basal, mid-
cavity, and apex-to-base linear dimensions also increased in pre-
term infants from 32 weeks post-menstrual age to 1 year corrected
age (p < 0.01 for all measures) (Table 2).
Comparison of RV performance between term and preterm
infants
All preterm infants had significantly lower values of right ventricle
free wall longitudinal strain, longitudinal systolic strain rate, tricus-
pid annular plane systolic excursion, pulmonary artery acceleration
Table 1. Infant characteristics and clinical outcomes.
Characteristics Preterm cohort (n= 80) No BPD (n= 32) BPD (n= 48) p-value
Birthweight (g) 890 [765,1010] 960 [825,1125] 863 [717,980] 0.002
Birthweight strata (g)
500–749 (n= 16) 660 [590,690] 690 [655,705] 640 [578.685] 0.23
750–999 (n= 41) 890 [825,955] 853 [800,945] 895 [835,940] 0.37
1000–1250 (n= 23) 1125 [905,1265] 1140 [1050,1260] 1100 [1040,1220] 0.61
Gestational age 27 [26,28] 27 [26,28] 26 [25,27] <0.01
Male sex 39 (49%) 18 (56%) 21 (41%) 0.22
Multiple gestation 14 (18%) 3 (9%) 11 (23%) 0.17
Infant race 0.66
White 38 (48%) 12 (38%) 26 (54%)
Black 42 (52%) 20 (62%) 22 (46%)
Asian 0 0 0
Other 0 0 0
Maternal smoking 16 (20%) 5 (16%) 11 (23%) 0.48
Antenatal steroids 77 (96%) 32 (100%) 45 (94%) 0.16
Surfactant Replacement Therapy 80 (100%) 32 (100%) 48 (100%) 0.84
Caesarean section 55 (69%) 21 (66%) 34 (71%) 0.86
Maternal complications
Gestational diabetes mellitus 4 (5%) 1 (3%) 3 (6%) 0.56
Gestational hypertension 22 (28%) 12 (38%) 10 (21%) 0.28
Prolonged rupture of membranes 38 (17%) 15 (15%) 23 (19%) 0.12
Chorioamnionitis 8 (10%) 4 (13%) 4 (8%) 0.51
Preeclampsia 22 (28%) 10 (31%) 12 (25%) 0.51
Pulmonary hypertension 12 (15%) 4 (12.5%) 8 (17%) 0.45
Presence of ductus arteriosus * 9 (11%) 3 (9%) 6 (13%) 0.36
Necrotising enterocolitis 7 (9%) 2 (6%) 5 (10%) 0.56
Retinopathy of prematurity ** 30 (38%) 6 (19%) 24 (50%) 0.02
Intraventricular haemorrhage *** 9 (11%) 2 (6%) 7 (15%) 0.54
Total oxygen days (Neonatal ICU) 87 [46,109] 38 [18,58] 100 [88,115] <0.001
Length of stay (Neonatal ICU) 93 [79,114] 80 [69,100] 106 [91,120] <0.001
Data are presented as median (interquartile range) or number (Percentage). Data are presented as column percentages
*Presence of ductus arteriosus at 32 weeks post-menstrual age
** Retinopathy of prematurity threshold (stage 2 of higher)
*** Intraventricular haemorrhage (Grade 3 or 4)
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time, pulmonary artery acceleration time/right ventricular ejection
time (p < 0.01 for all measures) than those of term infants at 1
month and 1 year of age (Table 2, Fig 2). Segmental longitudinal
strain at the basal, mid-ventricular, and apical levels of the right ven-
tricle free wall were also decreased at 1 month and 1 year corrected
age in preterm infants compared to term infants (p < 0.01 for all
measures). As expected, the systolic and diastolic areas, the basal,
mid-cavity, and the longitudinal diameter from the apex to the base
were all smaller in the preterm infants at 1month of age (p< 0.01 for
all measures). At 1 year of age, all morphometric measures, except
the longitudinal diameter from the apex to the basewere larger in the
preterm infants (p < 0.01 for all measures). All values for compar-
isons can be found in Table 2.
Bronchopulmonary dysplasia
Since measures of right ventricle function performed better in
infants born at term, pairwise comparison was conducted using
the Bonferroni method to detect any difference in right ventricle
function in a) preterm infants with and without bronchopulmo-
nary dysplasia and b) preterm infants with and without pulmonary
hypertension at 32 weeks post-menstrual age. Adjustments for ges-
tational age at birth, sex, and heart rate revealed significantly lower
values in the magnitudes of right ventricle free wall longitudinal
strain, longitudinal systolic strain rate, fractional area of change,
tricuspid annular plane systolic excursion, pulmonary artery accel-
eration time, pulmonary artery acceleration time/right ventricle
ejection time, and segmental longitudinal strain at the basal,
mid-ventricular, and apical levels of the right ventricle free wall
at 32 weeks post-menstrual age in preterm infants with broncho-
pulmonary dysplasia (p < 0.0001 for all). The same patterns
persisted at 1 year corrected age (p < 0.0001 for all). The systolic
and diastolic areas were larger in the preterm infants with broncho-
pulmonary dysplasia at both time points. The basal, mid-cavity,
and longitudinal diameter from the apex to the base were similar
between the preterm groups at 32 weeks post-menstrual, but the
basal and mid-cavity diameter were significantly larger in the pre-
term infants with bronchopulmonary dysplasia by 1 year corrected
age (p < 0.01 for both measures).
Pulmonary hypertension
In preterm infants with and without pulmonary hypertension,
there was also a decrease in right ventricle free wall longitudinal
strain, free wall longitudinal systolic strain rate, fractional area
of change, tricuspid annular plane systolic excursion, pulmonary
artery acceleration time, pulmonary artery acceleration time/right
ventricle ejection time, and segmental longitudinal strain at the
basal, mid-ventricular, and apical levels of the right ventricle free
wall at 1 year corrected age in those with pulmonary hypertension
(p< 0.0001 for all). The base-to-apex segmental longitudinal strain
gradients were preserved in all preterm infants at both time points,
irrespective of the presence of pulmonary hypertension. These
trends persisted even after adjusting for the presence of broncho-
pulmonary dysplasia (for all measure, β > 2.4, p < 0.01) and pres-
ence of patent ductus arteriosus (for all measures β> 2.6, p< 0.01).
The dimensions and areas were similar between preterm infants
with and without pulmonary hypertension at 32 weeks post-men-
strual age. Right ventricle basal and mid-ventricular diameter and
both right ventricle areas were increased in preterm infants with
pulmonary hypertension at 1 year corrected age (p< 0.01 for both).
There was no difference in the longitudinal right ventricle dimen-
sion from the apex to the base at any time point between the groups
(Supplementary Information, Table S1).
Term vs. uncomplicated preterm
We compared the measures between term infants and preterm
infants without bronchopulmonary dysplasia and/or pulmonary
hypertension at each time point. Adjustments for weight at exam,
sex, and heart rate revealed significant lower values of the magni-
tudes of right ventricle free wall longitudinal strain, free wall longi-
tudinal systolic strain rate at both time points, and decreases in
segmental longitudinal strain at the basal and mid-ventricular lev-
els of the right ventricle free wall at 1 month, and all segmental
longitudinal strain levels by 1 year of age. At 1 month, fractional
area of change was similar between the term and preterm without
bronchopulmonary dysplasia and/or pulmonary hypertension,
but tricuspid annular plane systolic excursion was decreased
(p < 0.01). At 1 year of age, tricuspid annular plane systolic excur-
sion was similar, and fractional area of change was decreased in the
Figure 2. Comparison of right ventricle free wall longitudinal systolic strain (a) and
strain rate (b) in term and preterm infants at 1 month of age and 1 year of age.
*p < 0.01 vs. Term; § p < 0.01 vs. Preterm without BPD; þp < 0.001 vs. first
echocardiogram. **In the preterm-born cohort, echocardiograms were performed
at 32 weeks post-menstrual age with a median of 38 days (interquartile range: 33–
45). In the term-born cohort, echocardiograms were performed at a median of 32 days
(interquartile range: 31–35). ***In the preterm-born cohort, echocardiograms were
performed at 1 year corrected of 494 days (interquartile range: 452–521). These num-
bers reflect actual days of age, but corrected age in days for all preterm infants was a
median of 381 days (interquartile range: 355–424). In the term-born cohort, echocar-
diograms were performed at a median of 371 days (interquartile range: 365–380).
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Table 2. Echocardiographic data of term and preterm infants at 1 month of age and 1 year of age.
First echocardiogram (1 month of age) Second echocardiogram (1 year of age)

















Age at echocardiogram (days) 32 (31, 35) 38 (33, 45) 33 (28, 41) 39 (36, 49) 371 (365, 380) 494 (452, 521)** 494 (450, 525)** 500 (468, 535)**
Weight at echocardiogram (kg) 4.6 (4.3, 4.9) 1.4 (1.2, 1.6)* 1.4 (1.3, 1.7)* 1.4 (1.1, 1.6)* 9.5 (8.7, 10.5)þ 10.1 (9.4, 11.1)þ 9.7 (9.1, 10.7)þ 10.1 (9.4, 11.2)þ
Body surface area (m2) 0.27 (0.26, 0.28) 0.26 (0.24, 0.29) 0.26 (0.25, 0.30) 0.26 (0.24, 0.28) 0.46 (0.42, 0.48)þ 0.45 (0.44, 0.47)þ 0.45 (0.43, 0.47)þ 0.45 (0.44, 0.48)þ
Heart rate (beats/minutes) 155 (129, 166) 157 (147, 169) 162 (145, 170) 156 (147, 168) 127 (120–136)þ 129 (118, 141)þ 130 (121, 139)þ 127 (115, 143)þ
Right ventricle function
Fractional area of change (%) 36 (31, 39) 32 (28, 36)* 36 (32–43) 30 (26, 33)*§ 44 (40, 48)þ 34 (32, 36)þ* 39 (36, 43)þ* 33 (31, 34)þ*§
Tricuspid annular plane
systolic excursion (mm)
10 (9, 10) 8 (7, 9)* 9 (8, 10)* 8 (7, 9)*§ 18 (17, 19)þ 16 (15, 18)þ* 18 (16, 19)þ 16 (15, 17)þ*§
Free wall longitudinal
strain (%)
−26 (−25, −29) −19 (−17, −21)* −22 (−20, −23)* −18 (−17, −19)*§ −34 (−33, −37)þ −27 (−26, −29)þ* −30 (−29, −31)þ* −27 (−26, −28)þ*§
Segmental longitudinal strain (%)
Basal −30 (−34, −28) −24 (−22, −25)* −26 (−24, −27)* −23 (−22, −24)*§ −38 (−35, −44)þ −30 (−28, −31)þ* −30 (−28, −30)þ* −29 (−28, −30)þ*§
Mid-ventricular −27 (−25, −30) −22 (−21, −23)* −23 (−22, −24)* −21 (−20, −22)*§ −36 (−34, −39)þ −28 (−27, −29)þ* −29 (−28, −30)þ* −27 (−26, −28)þ*§
Apical −20 (−16, −24) −19 (−17, −21)* −21 (−20, −22) −18 (−17, −19)*§ −28 (−21, −36)þ −25 (−24, −27)þ* −26 (−27, −28)þ* −24 (−23, −25)þ*§
Free wall longitudinal strain
rate (1/sec)
−2.7 (−2.4, −3.0) −1.9 (−1.7, −2.3)* −2.2 (−1.9, −2.4)* −1.8 (−1.6, −2.1)*§ −2.9 (−2.7, −3.4)þ −1.8 (−1.6, −2.3)* −2.3 (−1.8, −2.7)þ* −1.6 (−1.5, −1.9)þ*§
Right ventricle morphology
Basal length (cm) 1.7 (1.5, 1.8) 1.3 (1.2, 1.4)* 1.2 (1.1, 1.3)* 1.3 (1.2, 1.5)* 2.1 (2.0, 2.3)þ 2.4 (2.2, 2.6)þ* 2.4 (2.1, 2.5)þ* 2.5 (2.3, 2.7)þ*§
Mid-cavity length (cm) 1.2 (1.0, 1.2) 1.1 (1.0, 1.2)* 1.0 (0.9, 1.2) 1.2 (1.0, 1.3) 1.5 (1.4, 1.6)þ 2.0 (1.9, 2.2)þ* 1.9 (1.6, 2.0)þ* 2.1 (1.9, 2.3)þ*§
Major length (cm) 3.5 (3.3, 3.6) 2.0 (1.9, 2.2)* 2.0 (1.8, 2.2)* 2 (1.9, 2.2)* 4.0 (3.7, 4.2)þ 3.9 (3.7, 4.2)þ 3.9 (3.6, 4.2)þ 3.9 (3.8, 4.2)þ
Systolic area (cm2) 2.5 (2.3, 2.8) 1.7 (1.6, 1.9)* 1.6 (1.5, 1.8)* 1.8 (1.6, 2.0)*§ 3.6 (3.3, 4.0)þ 4.5 (4.1, 4.7)þ* 4.1 (3.9, 4.2)þ* 4.6 (4.5, 4.8)þ*§








0.34 (0.31, 0.38) 0.26 (0.21, 0.31)* 0.31 (0.23, 0.36)* 0.23 (0.20, 0.27)*§ 0.36 (0.33, 0.38)þ 0.31 (0.26, 0.34)þ* 0.31 (0.30, 0.36)þ* 0.27 (0.25, 0.29)þ*§
All data presented as median (interquartile range)
Right ventricle strain rate significantly decreased from the first echocardiogram to the second echocardiogram for preterm infants with bronchopulmonary dysplasia (p < 0.001)
* p < 0.01 vs. Term; § p<0.01 vs. Preterm without bronchopulmonary dysplasia; þ p < 0.001 vs. first echocardiogram
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preterm infants without bronchopulmonary dysplasia and/or
pulmonary hypertension. All morphometric measures were
decreased, as expected, in preterm infants at 1 month of age,
but by 1 year of age, the systolic and diastolic areas and the basal
and mid-cavity diameters were significantly larger in the preterm
infants without bronchopulmonary dysplasia and/or pulmonary
hypertension (p< 0.01 for both measures). The longitudinal diam-
eter from the apex to the base was similar between the groups.
Discussion
In this study, we observed right ventricle dysfunction in asympto-
matic infants born preterm at 32 weeks post-menstrual age (∼1
month of age) that persisted to 1 year corrected age when
compared to healthy infants born at term over the same time
period. In addition, right ventricle morphologic differences existed
between preterm and term infants at 1 year of age, irrespective of
the degree of lung disease during the neonatal period. Subclinical
right ventricle dysfunction assessed using deformation, fractional
area of change, and tricuspid annular plane systolic excursion, as
well as alteration in right ventricle morphology, appears to be a
distinct pathology of prematurity that is present even after
resolution of bronchopulmonary dysplasia and pulmonary
hypertension.
Right ventricle mechanics undergo post-natal physiologic
adaptations over the first year of age that have long-term influence
on myocardial performance.5 Preterm birth is associated with
alterations in myocardial performance that appear in the neonatal
period,5 persist through 1 year corrected age,1 early childhood,24
and are present at an early adult age with a disproportionate
increase in ventricular mass and decrease in right ventricle func-
tion.3 In neonates, strain analysis has been shown to be more sen-
sitive in detecting early myocardial changes than conventional
echocardiography in health and disease states.2 Kwon et al. found
a lower magnitude of right ventricle strain in children born pre-
term with a history of pulmonary hypertension during the
neonatal period compared to non-pulmonary hypertension chil-
dren born preterm.25 Lewandowski showed reduced right ventricle
strain in adults born preterm compared to adults born at term,
which was gestational age dependent, but unrelated to the prema-
ture lung disease.3 In the present study, we observed decreased
right ventricle free wall longitudinal and longitudinal systolic
strain rate in preterm infants compared to term infants at 32 weeks
post-menstrual age and 1 year corrected age. Taken all together,
these studies from the early neonatal period through adulthood
suggest that the factors that contribute to the right ventricle mal-
adaptation following premature birth are complex and may differ
substantially between infants with different antenatal and post-natal
experiences.
The exact mechanism that explains why preterm infants have
subclinical right ventricle dysfunction and alterations in right ven-
tricle morphology that persists to 1 year of age is not yet known.
We propose two theories that may explain this observation: (1)
changes in post-natal loading conditions26 and (2) loss of the third
trimester myocardial structural programming.7 The exposure of an
immature preterm right ventricle to a sustained increase in hemo-
dynamic load of post-natal circulation (increased right ventricle
afterload), at a time in the development when the right ventricle
primarily supports a low-resistance circulation, may induce
myoarchitectural adaptation that can lead to changes in geometry,
structure, and function, “a process known as ventricular remodel-
ing.”27 In this study, measures of right ventricle function were
decreased and indices of right ventricle morphology (right ven-
tricle areas and right ventricle linear dimensions/length at the base
and mid-cavity regions) were increased in preterm infants by 1
year corrected age. Functional measures were further decreased
andmorphological measures increased at 32 weeks post-menstrual
in preterm infants with bronchopulmonary dysplasia, suggesting
early dysfunction and remodelling.5 However, these observations
do not explain the increased incidence of subclinical right ventricle
dysfunction and remodelling in a subset of premature infants with-
out apparent clinical signs of lung disease of prematurity.1,15,28
Since premature birth results in the loss of the normal maturational
process that occurs in utero during the third trimester, the evidence
of disproportionate increase in ventricular size and decrease in
right ventricle function in the post-natal period,5 over and above
what would be expected, indicates that loss of a primary myocar-
dial structural programming event may also lead to post-natal ven-
tricular remodelling.7 Bensely et al. demonstrated that preterm
birth may lead to an abrupt reduction in cardiomyocyte cell divi-
sion, adversely impact upon the final number of cardiomyocytes,
reduce right ventricle functional reserve, and impair the reparative
capacity of the myocardium.7
Strain is influenced by preload and afterload.1,2,29 Strain rate
correlates well with load-independent measures of contractility
and is a more accurate reflection of intrinsic myocardial contractile
function.30–32 The force–frequency relationship reflects alteration
of the contractile force of cardiac myocytes through the neurohu-
moral effects, which are influenced by changes in the frequency of
stimulation.31 Both preclinical31,32 and human studies30,31 have
demonstrated that strain rate has a force–frequency relationship
behaviour that is consistent with a measure of contractility that
is mostly load independent within physiological ranges. We specu-
late that the decreased strain in preterm infants reflects the myo-
cardium’s response to post-natal-loading conditions, according to
the Frank Starling phenomenon, while the decreases in strain rate
possibly reflect a lessmature myocardial programmingmechanism
stemming from preterm birth that alters contractility, according to
Figure 3. Comparison of right ventricle segmental longitudinal systolic strain in term
and preterm infants at 1 month and 1 year of age. * p < 0.01 vs. Term; § p<0.01 vs.
Preterm without BPD; þp < 0.001 vs. first echocardiogram. **In the preterm-born
cohort, echocardiograms were performed at 32 weeks post-menstrual age with a
median of 38 days (interquartile range: 33–45). In the term-born cohort, echocardio-
grams were performed at a median of 32 days (interquartile range: 31–35). *** In the
preterm-born cohort, echocardiograms were performed at 1 year corrected of 494
days (interquartile range: 452–521). These numbers reflect actual days of age, but
corrected age in days for all preterm infants was a median of 381 days (interquartile
range: 355–424). In the term-born cohort, echocardiograms were performed at a
median of 371 days (interquartile range: 365–380).
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the force–frequency relationship. While all measures of right ven-
tricle function increased from 32 weeks post-menstrual to 1 year
corrected age, strain rate was unchanged in preterm infants, and
decreased in preterm infants with bronchopulmonary dysplasia
and/or pulmonary hypertension, indicating a less developed
intrinsic myocardial function response in preterm infants.
In the right ventricle, free wall a base-to-apex segmental longi-
tudinal strain gradient (highest-to-lowest magnitude of segmental
longitudinal strain values) has been observed in extreme preterm
population,1 late preterm infants,5 healthy term neonates,33
infants,6 children,34 and adults.35 This physiologic pattern reflects
the base-to-apex alignment of the dominant deep longitudinal
layers of the right ventricle that allows for greater longitudinal
shortening during contraction.34 All preterm infants had a
decreased magnitude of segmental longitudinal strain at the basal
and mid-ventricular and apical levels of the right ventricle free wall
at 32 weeks post-menstrual age and 1 year corrected age. Focusing
on the right ventricle free wall provides an assessment of the pre-
dominant wall contributing to right ventricle contractile func-
tion.35 We have previously demonstrated that the presence of
bronchopulmonary dysplasia and/or pulmonary hypertension
during the neonatal period leaves a negative impact of global
and regional strain values.1 However, even those preterm infants
without significant morbidity have decreased regional strain val-
ues, further suggesting that the post-natal period appears to be a
critical period of cardiac development and may offer a window
for interventions to prevent the long-term cardiovascular conse-
quences of preterm birth.5 We observed a difference of segmental
longitudinal strain at the basal and mid-ventricular levels of the
right ventricle free wall between preterm infants without pulmo-
nary hypertension and/or bronchopulmonary dysplasia compared
to healthy term infants. Interestingly, the apical segmental longi-
tudinal strain values were similar between these two groups. We
have previously demonstrated that only the basal and mid-
ventricular segments of the right ventricle free wall increase
throughout maturation, while the apical segmental longitudinal
strain was unchanged from birth to 1 year of age in healthy term
infants.36 Since the right ventricle is composed of superficial oblique
fibres that are arranged in parallel with the AV groove and turn
obliquely towards the cardiac apex and continue into the superficial
myofibers of the left ventricle,37 the expected physiologic increase of
segmental longitudinal strain at the right ventricle side of the apical
free wall is likely masked by the contribution of the left ventricle to
the contraction patterns of the right ventricle free wall.16 Therefore,
wewould expect not to see a difference between the segmental longi-
tudinal strain at the apical level, unless a significant disease process
like pulmonary hypertension or bronchopulmonary dysplasia alters
these “physiological” gradients.
Study limitations
We acquired images of the right ventricle free wall from a right
ventricle-focused apical four-chamber view. Recently, several
authors have outlined an approach for assessment of right ventricle
function that utilises three-chamber right ventricle-focused views
to capture the inlet, apical, and outlet in one image view.38,39
Currently there is no consensus on the best approach, but more
studies have utilised the right ventricle-focused apical four cham-
ber method.34 Since the right ventricle lacks a middle layer of cir-
cumferential fibres, and the major contribution to ejection fraction
and stroke volume during systole is provided by the dominant deep
longitudinal fibre shortening, right ventricle circumferential and
radial strain patterns were not assessed.40 Future work is needed
to investigate right ventricle circumferential, radial, and circumfer-
ential-longitudinal shear strain (rotational mechanics) in neonates
with the use of three-dimensional deformational approaches.40
Finally, we chose to exclude intrauterine growth-restricted neo-
nates from the analysis, since it has been documented that foetal
growth restriction alone may induce cardiac remodelling that per-
sists beyond the neonatal period.41
Conclusion
This study tracks the maturational patterns of global and regional
right ventricle performance by two-dimensional speckle-tracking
echocardiography in extremely preterm infants and term infants
over the first year of age. Infants born preterm exhibit decreased
right ventricle performance at 1month of age that persists to 1 year
of age when compared to infants born at term. Right ventricle
remodelling is evident by 1 year corrected age in preterm infants,
irrespective of the degree of neonatal lung disease, suggesting a less
developed intrinsic myocardial function response following pre-
term birth.
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